Ionospheric manifestation of ssc-associated ULF magnetic pulsations is investigated by analyzing the simultaneous data of HF Doppler frequency shift and magnetic H component on the ground. The theoretical Doppler velocities associated with magnetic pulsations are also calculated using the method of Sutcliffe and Poole (1989) . Comparison of the observed phase difference between the ionospheric and magnetic pulsations with the one by theory reveals that in several of the pulsation events the ionospheric response can be controlled by the advection and/or compression mechanisms attributable to the pulsation EM fields.
Introduction
Several observational studies of ionospheric oscillations concurrent with ground-level ULF magnetic pulsations have been reported (Menk et al., 1983; Sutcliffe and Poole, 1984; Jarvis and Gough, 1988; Tedd et al., 1989; Yumoto et al., 1989; Aslin et al., 1991; Al'perovich et al., 1991; Menk, 1992; Sastri et al., 1993; Liu et al., 1993) . Characteristics of the amplitude and phase relationships between the ionospheric and magnetic pulsations have been discussed so far by Rishbeth and Garriott (1964) , Jacobs and Watanabe (1966) , Poole et al. (1988) , and Sutcliffe and Poole (1989) . In a recent paper by Sutcliffe (1994) we can find a review relevant to the techniques used to model the relationship between the ionospheric and magnetic pulsations.
A recent interaction model developed by Sutcliffe and Poole (1989) (abbreviated to SP model) to interprete the pulsation-driven ionospheric fluctuations has a major assumption that the magnetic pulsations are due solely to transverse Alfven waves. Menk (1992) and Sutcliffe (1994) have discussed the limitation of this assumption and have pointed out that disagreement between observations and the model predictions may arise in instances where the magnetic pulsations are due to cavity mode resonances, fast mode propagation waves. or coupled wave modes. The SP model, however, will be the best that currently avails to quantify some part of the relationship between the geomagnetic pulsations and their ionospheric signatures.
In this paper we present a result of the cross-spectrum analyses on the pair data of HF Doppler (HFD) frequency shift and magnetic H component on the ground, intending to detect experimentally the phase difference between well-correlated ionospheric and magnetic pulsations. The observed phase difference is compared with the prediction from the SP model to reveal the mechanisms of the ionospheric response to the pulsation EM fields.
Data and Correlation Analysis
The data of HFD frequency shift (Of) were provided from the continuous recordings at Chofu (35.65°N, 139.55°E) of the ionospherically reflected waves of JJY 5 and 8 MHz standard frequency signals transmitted from Nazaki (36.18°N, 139.85°E), while the H component data being issued from Kakioka Magnetic Observatory (36.23°N, 140.19°E) located at the distance of 70 km or less from the S180 T. SHIBATA et al.
subionospheric point of sounding HF wave path.
We concentrate our attention on the magnetic pulsations associated with the ssc and ssc* events classified into Quality-A and B groups during the period from June 1986 to May 1992. These quality ranks have been announced from Kakioka Observatory, where A means a very remarkable ssc (ssc*), and B a fair, ordinary, but unmistakable one. There are no missing periods in the H data, whereas the Af data have missing sections owing to a decrease in the ionospheric critical frequency and the scheduled interruption of JJY transmissions from 35 to 39 min every hour. After all, we have picked up 28 ssc (or ssc*) events for which both the Af and H records were available for the present analysis.
In order to detect coherent ionospheric signatures to magnetic pulsations, we have made dynamic cross-spectrum analyses on the pair data of Af and H with the use of the maximum entropy method (MEM). The sampling time interval of the data is restricted to 10 sec owing to the digitizing rate of Of. To suppress the dominance of the lower frequencies in the power spectra, we did prewhitening by taking the first difference of the original data. We have employed here a data window covering 8 min, which is successively shifted by every 1 min in the data set of 20 min duration after the ssc (ssc*). The number of prediction error filter has been fixed to 20% of the window length. From a numerical experiment using a variety of artificial data consisting of sinusoids with different frequencies-and phases, the ambiguity of the phase estimate in our MEM system has been estimated within about 4% for the case of the SIN ratio of 3 dB (Shibata, 1987) .
From the spectral analysis, we have had several spectral peaks, some of which are common between of and H variations. In the present study, the spectral peaks passing through all of the following three clearance conditions have been identified with what belong to a concurrent pulsation event.
(1) Spectral peak takes nearly the same period between Af and H variations within the allowance of frequency resolution.
(2) Coherence takes the values greater than 0.8. (3) The above two conditions are satisfied for more than two successive data windows with the same fluctuation period. Figure 2 shows a set of the cross-spectrum estimates on the pair data of Af (5 MHz) and H during the pulsation event of Fig. 1 . Time indicated in the figure denotes the local time at the middle of the data window. From each panel of this figure, it is evident that: (1) spectrum peaks with the period of about 1.2 min (about 13.9 mHz in the frequency) are common to both the Af and H fluctuations (Fig. 2(a) ), (2) the coherence at this common peak takes a value as large as about 0.88 (Fig. 2(d) ), and (3) its phase difference between if and H is about -140° (Fig. 2(c) ). This coherent spectrum component has been observed during four successive data windows with almost the same fluctuation period.
From such cross-spectrum analyses of all available events (28 cases), only 6 concurrent pulsation events have been identified. For the remaining 22 events, we failed to detect any ionospheric signatures passing through the above mentioned criteria. This fact will be attributable to the contamination of HFD data arising from various causes. According to Menk (1992) and Sutcliffe (1994) , poor or lack of correlation between the ionospheric and ground-level magnetic pulsations should be caused from (1) RF fading or ray interference arising from the multipath propagation and/or mode coupling, (2) contamination of the ionospheric fluctuations in the ULF frequency range, which are connected with no magnetic pulsastions but with the oscillations probably attributable to acoustic-gravity waves, ion acoustic waves, shear waves, etc., and (3) degradation of the correlation owing to the spatial features of causative hydromagnetic waves, i.e., the observations of ionospheric HFD signatures are subjected to very localized region of the ionosphere, whereas the observations by ground-level magnetometers are the integration of oscillating electric fields over much larger region of the ionosphere. Examination of the contamination causes for each uncorrelated event is left for our future study.
A summary of the results of correlation analyses for the 6 concurrent pulsation events is given in Table 1 . The numerals in the column of OHSAf in each event denotes the minimum and maximum values of relative phase obtained from the dynamic cross-spectrum analyses.
Comparison with Sutcliffe and Poole's Model
In applying the SP model to the present observations, we attach importance to Doppler velocity V* (=-cOf1(2fR) for vertical incidence, wherefR is the probing radio frequency and c the speed of light): The velocity V* can be described in terms of three separate mechanisms, i.e., "magnetic mechanism VI" arising from changes in the refractive index (µ) due to the pulsation magnetic field, "advection mechanism V2" arising from changes in u due to the vertical bulk motion of ionospheric electrons under the influence of an eastward directed pulsation electric field, and "compression mechanism V3" related to the compression and rarefaction of the electron gas under the action of the field-aligned component of the pulsation magnetic field. Taking a model ionosphere fitted to the conditions of the present observations into account, we calculated theoretically the Doppler velocities V1, V2, V3 and V* with assuming the values of electron concentration from the IRI-1982 model, and the parameters of neutral atmosphere from the CIRA-1972 model. For the altitudes from 60 to 280 km we computed the longitudinal, Pedersen and Hall conductivities by using the collision frequency model of Prince and Bostick (1964) . In the altitude region below 60 km, the effect of ionospheric conductivities has been ignored in the present paper because of their extremely low values. The calculation results reveal that the characteristics of the Doppler velocity V* are for the most part controlled by the mechanisms of V2 and V3, because the relative amplitude of Vl component is so small in contrast with the others. Figure 3 shows the calculated variations of the relative phase of Doppler velocity to ground-level H against the reflection height of the probing radio wave for the event of Fig. 2 .
In order to compare the observed results with theory, we have transformed the observed E'f--phase into the V* phase by the relation of OV -H = -OH-,V -180° and calculated the reflection height (ZR) of the probing wave from the condition of u = 0 in the model ionosphere. The result for the pulsation event of
October 28, ZR = 212 km and pj bs H = -39° ± 2°, is marked with a star symbol in Fig. 3 . It is seen from the nearest values to the observational phase difference with the maximum deviation of 17°. Finally, two ionospheric pulsations we observed may be explained by the combined mechanism of the advection and the compression of the SP model attributable to the pulsation EM fields in the transverse Alfven waves, whereas for another two events by the compression only. We were not able to fix any reasonable response mechanisms for the remaining three events, which might be an indication of the application limit of the SP model.
Concluding Remarks
Ionospheric response to ssc-associated magnetic pulsations has been investigated by means of a dynamic cross-spectrum analysis on the pair data of HFD frequency shift and ground-level H component. For 6 out of 28 ssc (or ssc*) events, well-correlated ionospheric signatures to the magnetic pulsations in the frequency range of 13-25 mHz were observed. The phase relation in the ionospheric response varied from event to event. The lack of correlation in the remaining 22 events should be attributable to the contamination of HFD data by several possible factors noted in Section 2.
Calculation of theoretical ionospheric response has been also carried out with following the SP model, which is related to the transverse Alfven waves. Comparison of the observed results with the theory reveals that in 4 cases out of 6 concurrent pulsation events, the observed phase relation in the ionospheric response is well coincident with that of SP model; i.e., the advection and/or compression mechanisms have been identified.
The failure in the interpretation with the SP model for the remaining cases will imply that the causative EM fields are not solely related to transverse Alfven waves, but also due to other hydromagnetic wave modes. Furthermore, there is a possibility that the transient effects associated with ssc (ssc*) modulate severely the ionospheric response to magnetic pulsations.
We have assumed 500 km as the N-S scale length of the pulsation field according to Sutcliffe and Poole (1989) . As shown by Liu and Berkey (1994) , the ionospheric response will probably depend on the propagation direction towards or away from the equator, as well as the scale length, of the magnetic pulsation. Therefore, more information about the spatial structure of pulsation field will be required for further progress in the interpretation of ionospheric response to the magnetic pulsations.
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